Phage display has proven to be an invaluable instrument in the search for proteins and peptides with optimized or novel functions. The amplification and selection of phage libraries typically involve several operations and handling large bacterial cultures during each round. Purification of the assembled phage particles after rescue adds to the labor and time demand. The authors therefore devised a method, termed rescue and in situ selection and evaluation (RISE), which combines all steps from rescue to binding in a single microwell. To test this concept, wells were precoated with different antibodies, which allowed newly formed phage particles to be captured directly in situ during overnight rescue. Following 6 washing steps, the retained phages could be easily detected in an enzyme-linked immunosorbent assay (ELISA), thus eliminating the need for purification or concentration of the viral particles. As a consequence, RISE enables a rapid characterization of phagedisplayed proteins. In addition, this method allowed for the selective enrichment of phages displaying a hemagglutinin (HA) epitope tag, spiked in a 10 4 -fold excess of wild-type background. Because the combination of phage rescue, selection, or evaluation in a single microwell is amenable to automation, RISE may boost the high-throughput screening of smaller sized phage display libraries. (Journal of Biomolecular Screening 2005:108-117) 
INTRODUCTION
I N THE PAST DECADE, a growing number of display technologies have emerged that allow the expression of heterologous proteins on various carriers, ranging from viruses and bacterial or yeast cells to in vitro whole ribosome-RNA and puromycin-RNA complexes or plasmid molecules. [1] [2] [3] [4] [5] [6] [7] The most widely used display vehicle today is the filamentous bacteriophage M13K07. 8 The heterologous proteins are hereby fused to one of the viral coat proteins with the pIII and pVIII capsid proteins as preferential fusion partners. During the assembly process, the fusion proteins are incorporated in the extruding viral particle, resulting in their display on the filamentous phage surface. [9] [10] [11] Because at the same time the corresponding gene is encapsulated within the virion, a physical coupling between phenotype and genotype is realized. This linkage allows for the direct genetic characterization of the individual clones, selected from a large library of millions of variants.
When an entire pool of random protein variants is displayed on the surface of filamentous phages, large libraries (10 9 -10 12 ) are obtained. 12 In so-called biopanning experiments, the resulting protein library is then selected against an immobilized antigen of interest. 13, 14 Following several selection and amplification cycles, highaffinity clones exhibiting the desired specificity are typically enriched over the irrelevant background.
Because the directed molecular evolution strategy requires little prior knowledge regarding the protein structure or mode of action, it is more ready to use than the classical structure-based rational protein design approach. This makes it an efficient proteinengineering tool to improve or modify protein performance. Phage display has been used extensively for the affinity maturation and ligand specificity engineering of antibodies, random peptides, and other protein scaffolds. [14] [15] [16] [17] [18] [19] However, many other properties can be fine-tuned according to the scientist's goals, such as tailoring enzymatic activity, epitope mapping of antigens, isolating enzyme inhibitors or receptor agonists eliciting cellular functions, identifying common binding motifs, mapping of mutational tolerance, optimizing transcription factor specificities, increasing thermostability and susceptibility to proteases, improving protein folding, and obtaining better solubility or expression of polypeptides. [20] [21] [22] [23] [24] [25] [26] [27] [28] Finally, cDNA expression libraries are important tools in the search for biologically relevant interaction partners and natural ligands for orphan receptors. [29] [30] [31] [32] Their selection outcome should help to elucidate cellular signaling pathways and unravel protein interaction networks, which is of great importance in the wake of the genomics era. 33 Recombinant phage particles carrying heterologous proteins on their surface are usually obtained from large phagemid-bearing bacterial cultures after infection with a helper phage. Following overnight incubation, newly assembled and extruded phages are purified from the medium by polyethylene glycol (PEG) precipitation before they are used in a selection experiment. 34, 35 Because of the purification step and the use of large culture volumes, panning of random phage libraries is rather laborious and time-consuming. Therefore, it is desirable to scale down the entire process to a microtiter format, starting from the infection of Escherichia coli host cells up to the selection of the rescued phage pool. This would simplify manipulations and substantially increase throughput.
In this article, we present such an alternative phage library panning protocol, called RISE-rescue and in situ selection and evaluation. Because rescue and selection simultaneously take place in a coated single microwell, purification of recombinant viral particles before each panning round is no longer required. This offers the possibility of faster library screening and provides an efficient way to analyze the individual clones retained after panning to identify hits for further detailed characterization. Moreover, handling small culture volumes in a 96-well format makes the method well suited for robotic automation and opens the prospect of high-throughput analysis of phage display libraries against different antigens in parallel.
MATERIAL AND METHODS

Phagemid constructs
A modified pCANTAB5E construct from Amersham Biosciences (Roosendaal, the Netherlands) was used as a cloning vector (Vanhercke and Denolf, unpublished results). The strong transcriptional terminator t HP was inserted upstream of the lac promoter to allow for tighter repression of background expression of detrimental fusion proteins before the onset of phage rescue. 36 Second, the wild-type pIII gene was replaced by a truncated variant lacking the coding sequence for amino acid residues 1 to 197, corresponding to the 1st and 2nd domains of the pIII minor coat protein. Finally, the amber stopcodon between the multiple cloning site and the pIII gene was removed to avoid secretion of nonfused proteins due to poor amber suppression efficiency in E. coli supE suppressor strains. 37 This modified phagemid pPD43 was used for displaying the Bacillus thuringiensis crystal protein Cry1Ab5. 38 A similar modified pCANTAB5E vector without the transcriptional terminator was used for the display of the B. thuringiensis Cry9Ca1 protein. 39 Phagemids with the cry1Ab5 and cry9Ca1 genes inserted upstream from the pIII gene were named pPD44 and pPD27, respectively (Fig. 1C ). In addition, the coding sequence for the short 3.5-kDa hemagglutinin (HA) peptide was incorporated between the pelB leader and the multiple cloning site of pPD43, resulting in the pPD46 vector. The cry1Ab5 and cry9Ca1 genes were cloned into the pPD46 backbone between the HA peptide sequence and the pIII gene, resulting in the pPD47 and pTV16 phagemids, respectively. The E. coli TG1 strain from Stratagene (Amsterdam, the Netherlands) was used as a bacterial host in all rescue and RISE experiments.
Standard rescue of recombinant phages
Recombinant phage particles were purified from a bacterial overnight culture by PEG precipitation as previously described, 34 with some minor modifications. Briefly, a 10-mL overnight culture of E. coli TG1 cells, transfected with the phagemid vector, was diluted 1/100 in 50 mL 2xYT medium, supplemented with triacillin (100 µg/mL) and glucose (2%), and grown at 28°C. At OD 600 0.5, cells were infected with M13K07 helper phage from Invitrogen (Merelbeke, Belgium) (multiplicity of infection = 2), incubated for 90 min, and centrifuged (3000 g-10 min). The bacterial cells were resuspended in 400 mL 2xYT containing triacillin and kanamycin (50 µg/mL), and the culture was incubated overnight at 28°C until OD 600 exceeded 1.5. Bacterial cells were removed by centrifugation (3000 g-20 min). The supernatant was mixed with 100 mL 20% PEG-8000 + 2.5 M NaCl and chilled on ice for 1 h. Phage particles were pelleted by centrifugation (6000 g-20 min) and resuspended in 10 mL phosphate-buffered saline (PBS) (137 mM NaCl, 3 mM KCl, 8 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 ) supplemented with Complete EDTA-free protease inhibitor cocktail from Roche Diagnostics (Vilvoorde, Belgium). The precipitation procedure was repeated, and the final pellet was resuspended in 1 mL PBS with Complete EDTA-free protease inhibitor cocktail and glycerol (10%), filtered through a 0.45-µm filter (Millipore, Brussels, Belgium), and stored at -20°C. The phage concentration was determined by measuring the absorbance at 260 nm (L. Jespers, personal communication, 1999).
Phage ELISA
A 96-well plate (Corning, La Hulpe, Belgium) was coated overnight at room temperature (RT) with an anti-HA antibody (12CA5, Roche Diagnostics) in PBS (5 µg/mL). Wells were washed 3 times with 300 µL PBS, blocked for 2 h with blocking buffer (100 mM maleic acid, 150 mM NaCl, 1% nonfat dried milk), and washed again as described above. Subsequently, 10 11 colony forming units (CFU) of PEG-purified phage particles in 100 µL PBS were added per well. After 2 h of incubation (RT), wells were washed 3 times with 300 µL PBS containing 0.05% Tween-20 and 3 times with PBS alone. Wells were incubated with 100 µL peroxidase-conjugated anti-M13K07 antibody (Amersham Biosciences) which was diluted 1/5000 in PBS with 0.2% Tween-20. Following a 45-min incubation (RT), the plate was washed as described in the previous washing step. Finally, phages were detected with 100 µL 3,3′,5,5′-tetramethylbenzidine (TMB) peroxidase substrate (Kirkegaard & Perry, Gaithersburg, MD). The reaction was stopped after 5 min with 100 µL 1 M H 3 P0 4 per well, and the absorbance at 450 nm was measured.
RISE detection
Wells in a 96-well microplate were filled with 100 µL 2xYT containing triacillin (100 µg/mL), inoculated with E. coli TG1 cells harboring a phagemid vector, sealed, and incubated overnight at 28°C. At the same time, a 2nd microplate was coated overnight (RT) with 100 µL per well of anti-HA, anti-Cry1Ab, or anti-Cry9Ca1 antibodies in PBS (5 µg/mL). Coated wells were washed 3 times with 300 µL PBS and blocked for 4 h with 300 µL blocking buffer (RT) (see Phage ELISA). Afterwards, the coated microplate was washed 3 times with 300 µL PBS per well, and the overnight E. coli TG1 cultures, diluted 1/20 in 100 µL fresh 2xYT medium with triacillin + 0.1% BSA + 0.2% Tween-20, were transferred and incubated for 3 h at 28°C. Each culture was infected with 2 µL M13K07 helper phage (≈2.10 8 CFU) and further grown for 90 min at 28°C. Finally, kanamycin (50 µg/mL) was added to the infected cells, and the cultures were rescued overnight at 28°C (±16 h). Wells were washed 3 times with 300 µL PBS containing 0.05% Tween-20 (supplemented with 180 mM MgCl 2 when anti-HA was used for coating) and 3 times with PBS alone. Bound phages were detected with a peroxidase-conjugated anti-M13K07, as described in the phage ELISA protocol. Values were corrected for aspecific binding by the E. coli cells. We assessed this background by incubating E. coli cultures in the absence of helper phage and kanamycin.
RISE selection of a phage library
Spiked model libraries were created in 100 µL PBS by combining increasing amounts of pPD46 phages with an excess of pPD43 phage particles lacking the HA tag sequence, as outlined in Table  2 . Separate microplates were used for the panning of each of these libraries to minimize cross-contamination.
Wild-type E. coli TG1 cells were grown in 100 µL 2xYT medium. A 2nd well in the same microplate was coated with 100 µL of an anti-HA antibody dilution in PBS (5 µg/mL), and the plate was incubated overnight at 28°C. An Eppendorf tube was blocked with 1.5 mL blocking buffer (see Phage ELISA) and stored overnight (RT). The coated well was washed 3 times with 300 µL PBS and filled with 300 µL blocking buffer for 4 h, whereas the blocked Eppendorf tube was washed 3 times with 1.5 mL PBS. The overnight cultures were diluted 1/20 in 1 mL 2xYT medium containing 0.1% BSA and 0.2% Tween-20, transferred to the blocked Eppendorf tube, and grown for 3 h at 28°C. Next, the cells were infected with 100 µL of the model library in the 1st selection round or with the eluate from the previous panning round further on. After infection, cells were incubated for 10 min at 28°C, triacillin (100 µg/mL) was added, and the cultures were kept for another 10 min at 28°C before different dilutions were plated on SOBAG plates (2% bacto-trypton, 0.5% bacto-yeast extract, 1 mM NaCl, 0.25 mM KCl, 1 mM MgCl 2 •6H 2 O, 1 mM MgSO 4 •7H 2 O, 2 mM glucose) to determine the phage titer. The infected cell cultures were further incubated for 70 min at 28°C. Subsequently, the cells were infected with 20 µL M13K07 helper phage (≈2.10 9 CFU), grown for another 90 min at 28°C, and centrifuged (5000 g-10 min). The bacterial pellet was resuspended in 100 µL 2xYT medium containing 0.1% BSA, 0.2% Tween-20, triacillin, and kanamycin (50 µg/mL) and transferred to the coated well, which had been washed 3 times with 300 µL PBS in advance. After overnight rescue at 28°C (±16 h), bound phages were recovered by removing the cell cultures and washing the well 3 times with 300 µL PBS + 0.05% Tween-20 + 180 mM MgCl 2 and 3times with PBS. Next, 80-µL elution buffer (0.2 M glycine, pH 2.2) was added, and the plate was shaken at 150 rpm for 10 min. The eluate was recovered and the pH neutralized with 20 µL neutralization buffer (1 M Tris base, pH 8). Care was taken to elute the rescued phage particles just prior to reinfection because of their observed instability when stored for longer periods in neutralized elution buffer (unpublished results).
PCR and Western blotting analysis of selected clones
Single colonies of output fractions, plated on SOBAG plates after each selection round, were used as a template for a standard PCR reaction. The HA-specific forward primer HA2384FOR (5′-CCATGGCCGCGTATCCGTATGA-3′) was used in combination with the reverse primer PCAN3846REV (5′-ACCGCACAGATGCGTAAGGAGAA-3′) to detect clones containing the coding sequence for the HA epitope. E. coli cells containing the pPD46 phagemid or the original pPD43 vector were used as positive and negative controls, respectively.
PEG-purified phage particles (2.10 11 and 5.10 11 CFU) were separated by SDS-PAGE and blotted onto a PVDF membrane. Fusion proteins were detected with a peroxidase-conjugated anti-HA antibody (Roche Diagnostics) in PBS (0.5 µg/mL) and ECL Plus reagent (Amersham Biosciences) for chemiluminescence detection.
RESULTS
RISE, proof of principle
We reasoned that combining filamentous phage rescue, binding, and detection in a single microwell (Fig. 1A) would considerably reduce panning time and labor while avoiding the need of handling large bacterial cultures. To test this concept, we coated wells with increasing concentrations of an anti-HA antibody. This enables high-affinity binding and subsequent detection of pPD46 recombinant phages displaying the HA epitope tag as a fusion to the N-terminus of the viral capsid protein pIII (Fig. 1C) . After blocking of the coated microwells, either 100 µL ( Fig. 2A ) or 300 µL (Fig. 2B ) medium was added. Next, we inoculated both series with E. coli TG1 cells harboring either the pPD43 or pPD46 phagemid. At OD 600 0.5, the cultures were infected with M13K07 helper phages. After kanamycin addition, the microplate was incubated at 28°C for 40 h. Subsequently, wells were washed and bound phage particles were detected with a peroxidase-conjugated anti-M13K07 specific antibody. Uninfected TG1 cells, incubated in the absence of kanamycin, were used as a control for cellular background binding. The PEG-purified pPD43 and pPD46 phages, applied directly to the coated wells, served as a detection control for the phage ELISA.
Similar results were obtained with 100-µL and 300-µL culture volumes (Fig. 2) . In both cases, pPD46 phages displaying the pIII fusion protein with the N-terminal HA peptide tag were specifically bound to the coated anti-HA antibodies and could be distinguished from the negative pPD43 control. Discrimination between both phage samples was more pronounced when a 100-µL/well culture volume was used. Furthermore, minimal OD values obtained with TG1 cultures not infected with helper phage showed that aspecific cell binding to the microplate wells was negligible, similar to earlier results by Phipps and others. 40 To further evaluate the RISE concept, we tested phages displaying the B. thuringiensis Cry9Ca1 and Cry1Ab5 proteins together with their respective antibodies. A combination of 0.1% BSA and 0.2% Tween-20 was added to the rescue medium as it had shown to eliminate background binding (results not shown). Rescue overnight in microwells, coated with anti-Cry9Ca1 or anti-Cry1Ab antibodies, resulted in the specific detection of Cry9Ca1 and Cry1Ab5 displaying phages, respectively (Fig. 3) .
In summary, the results obtained with the different phagemid constructs and the 3 coated antibodies show that the combination of rescue and subsequent ELISA detection in a single microtiter well is feasible.
Recovery of bound phages following RISE detection
Combining filamentous phage production and detection in a single microwell significantly improves phage library screening efficiency. However, the RISE protocol, as outlined previously, still requires a backup master plate to recover and rearray the posi- tive clones for further rounds of screening and analysis. If positive phage clones could be recovered following RISE detection and used for infection of E. coli, the use of duplicate master plates would become redundant.
To evaluate the infectivity and recovery of phages following RISE detection, PEG-purified pPD46 phages were applied to anti-HA-coated microwells and detected in a standard phage ELISA. At intermediate and end stages of the phage ELISA detection, E. coli TG1 cells were infected either with bound phages recovered according to the standard elution protocol (see RISE Selection of a Phage Library) or with phages eluted due to incubation with the TMB substrate or the TMB-H 3 PO 4 mixture. As a control, bound phages were eluted under standard conditions prior to ELISA detection.
The highest amount of phages was recovered after addition of H 3 PO 4 to the TMB substrate. This acidic environment (pH 1.3) resulted in 19.3% recovery compared to the control sample, which was not subjected to detection ( Table 1 ).
Optimization of RISE panning
Instead of directly detecting the bound recombinant phages after overnight rescue as in a single RISE cycle, the phages can be eluted and immediately used as input for a new selection step. We therefore explored the possibility of library panning according to the RISE protocol. Because this requires amplification of the selected phage particles (Fig. 1B) , E. coli wild-type cells were infected in blocked but uncoated microwells. Afterwards, M13K07 helper phages and triacillin were added to select for cells containing the phagemid vector. Following centrifugation, the cell pellet was resuspended and transferred to the anti-HA-coated microwell for overnight rescue and selection. In this way, only newly formed recombinant phage particles are available for selection, and any remaining input phages, which had not infected the E. coli host cells, are removed.
Unexpectedly, E. coli TG1 cells infected with helper phages in the presence of triacillin displayed high background binding to the anti-HA-coated wells (Fig. 4) . When the antibiotic was omitted, the nonspecific interaction disappeared, and results were compar-able to the pPD43 negative control cells at the different helper phage "multiplicities of infection" tested. Adding the triacillin 90 min before helper phage infection, however, reduced the nonspecific background. Consequently, it is important to add the antibiotic to the cell cultures after infection with the selected phage particles and prior to helper phage infection. As could be expected, using lower helper phage concentrations reduced RISE detection of the pPD46 phages in a concentration-dependent way.
In the next experiment, we investigated the effect of 2 different phage sample volumes on the efficiency of infection. The standard consisted of 10 3 CFU pPD43 or pPD46 PEG-purified phage particles in 5 µL PBS. To mimic elution, we added elution and neutralization buffers to the same phages to a final volume of 100 µL. After overnight rescue, bound phages were recovered in 100 µL neutralized elution buffer and used to reinfect wild-type E. coli cell cultures in a microplate. When the 100-µL E. coli culture was infected with an equal volume of phage eluate, the infection process was less efficient compared to the standard, resulting in a 36% and 18% reduction of the pPD43 and pPD46 infected cells, respectively (Fig. 5) . The input decrease of the latter was also reflected in a 24-fold reduction of pPD46 output colonies obtained after overnight selection, elution, and reinfection. As could be expected, increasing the initial bacterial culture volume up to 1 mL improved the infection efficiency and resulted in a 8-fold higher number of output colonies in a similar experiment (results not shown). Furthermore, a specific enrichment of the pPD46 recombinant phages displaying the HA epitope was observed in all cases, whereas recovery of the negative pPD43 phages after selection was negligible. 
RISE selection of model libraries
The optimized infection and rescue conditions described above allowed for the selective enrichment of pPD46 phages that express the HA tag on their surface, as proven by a single panning round with 10 2 CFU in an anti-HA-coated microwell. Compared to a 10 6fold excess of pPD43 phages, overnight rescue resulted in a thousand-fold enrichment of the pPD46 phages displaying the HA epitope (result not shown). The optimized RISE protocol thus represents a method for the combined amplification and selection of purified or eluted phage particles.
To further evaluate the possibility of RISE library panning, 4 different spiked libraries with increasing amounts of pPD46 phages as well as 2 control libraries were constructed ( Table 2) . All libraries were subjected to 4 selection rounds against the anti-HA antibody. After each panning round, we determined the phage titer of the different output fractions as well as the original input prior to selection. This allowed us to assess the library sizes and the enrichment of the pPD46 phages containing the HA peptide tag.
During the course of the 4 selection rounds, the sizes of all libraries decreased (Fig. 6A) . This reduction was dependent on the initial concentration of pPD46 phages in each library, suggesting that these phages are preferentially retained and that the pPD43 ) phages with a 75-µL elution buffer, followed by 10 min of shaking and neutralization of the pH with a 20-µL neutralization buffer. Rescue was performed in antihemagglutinin-coated wells (5 µg/mL). Number of input and output colonies was counted, with the standard pPD43 and pPD46 input numbers each set as 100%. background is depleted at a higher rate. The gradual size reduction of the positive control library F following each selection step may indicate that elution and infection were still suboptimal. On the other hand, this loss is probably also inherent to the RISE format because overnight amplification in the small culture volumes poses a limitation to the number of phages produced.
The enrichment of the positive pPD46 phages during selection was confirmed by PCR analysis of single colonies, obtained after plating the input and several output fractions (Fig. 6B ). After 2 panning rounds, the majority of phages (>90%) derived from libraries D and E displayed the HA peptide, which implies an almost 10 4 -fold enrichment. However, when libraries B and C were analyzed, no positive clones could be detected. The reduction of their library sizes probably masks a similar enrichment of the pPD46 phages. Moreover, the limited number of cells during infection is likely to be insufficient to retain the scarce positive clones in both libraries because they have to compete with the large excess of pPD43 phages in the library.
Two clones selected from library D following the 4th panning cycle were analyzed in a Western blot with the anti-HA antibody to verify the display of the HA peptide. As expected, both contained the 45-kDa truncated pIII capsid protein, with the HA tag fused to its N-terminal side (results not shown).
The selection experiments with the different model libraries thus demonstrate that RISE panning of phage libraries in single microwells is powerful enough to enrich at least 1 in 10 4 positive clones after 2 selection rounds.
DISCUSSION
In standard phage display protocols, recombinant phage particles are usually concentrated from large bacterial cultures by centrifugation in the presence of PEG prior to selection. The RISE method presented in this article eliminates the need to purify the amplified phage pool before each panning round by performing the rescue and selection process in a single microwell. To this end, E. coli cells containing a phagemid vector are grown in a single microwell, precoated with the selecting antibody. After infection with M13K07 helper phage, new recombinant phage particles are continuously released into the medium and directly captured by the antibody. After simply removing the bacterial cells, the bound phages can be detected immediately in an ELISA assay or, alternatively, eluted and used as the input for a new selection round.
RISE panning experiments with different model libraries showed that phage particles displaying an HA peptide tag could be specifically selected with an anti-HA antibody. Hence, combining rescue and selection in a single microwell implies a considerable reduction in time and labor, which makes it suited for the panning of libraries of limited diversity.
Although large complex libraries are the preferred choice for the isolation of high-affinity ligands, many promising and improved protein variants have also been selected from smaller sized phage display libraries containing between 10 3 and 10 5 individual clones. [41] [42] [43] [44] [45] [46] [47] Some reports illustrate that even libraries consisting of 10 different random variants or fewer can be sufficient for in vitro directed evolution when several subsequent randomization and selection rounds are performed. [48] [49] [50] Furthermore, the recent development of in silico prescreening algorithms allows one to drastically reduce the required library size. 51 Thus, libraries of limited diversity can be of importance for protein and peptide optimization in vitro and hence suggest that RISE selection may have a broad applicability.
A more powerful RISE selection could be attained by using greater culture volumes in deep-well plates during the initial panning rounds, possibly in combination with immunofiltration. 52 This should result in a better enrichment of the scarce high-affinity clones and allow for a more efficient sampling of the large variety in an unselected library. Afterwards, the reduced library diversity can be further depleted through subsequent RISE panning rounds as described in this article. On the other hand, scaling down the entire RISE process to the 96-well format makes this method compatible with robotic liquid-and colony-handling systems. This offers the possibility of improving overall RISE selection by handling a multitude of smaller libraries in a parallel and fully automated way, thereby compensating for the limited library size attainable in a single well. Given that 10 4 clones can be selected in a microwell, a hundred 96-well plates could contain a total of 10 8 variants, thus constituting a functionally relevant pool of random protein variants. Selection of such a combined library should be possible within 4 to 6 d because RISE panning steps can be performed in consecutive days without the need for intermediate purification of amplified phage particles. Compared with robotic screening of single clones in separate wells, the throughput of automated RISE selection can be 3 orders of magnitude higher.
Besides offering a new approach for faster library selection, RISE can also serve as a versatile screening platform for single phage clones in separate microwells, as illustrated with the different coated antibodies and phagemid constructs used. Compared to the higher throughput plaque and capture lift assays, 43, 53 this method is not restricted to interactions on filter membranes. Moreover, there is no need for a master plate to pick up the positive clones after screening because the bound phages can be recovered after detection and used to reinfect bacterial cells for subsequent phagemid preparation and sequencing.
A few high-throughput technologies for handling phage display libraries have recently been described but, in most cases, without detailed protocols. They involve selection in multipin plates, 54 microplate-based automated panning and ELISA, 55 or a library-library interaction screening strategy using magnetic beads. 56, 57 Although these systems were developed for rapid screening of large antibody or cDNA libraries in a microplate format, rescue and panning are still separated, which necessitates the transfer of culture supernatants to the coated wells for subsequent selection. RISE, on the other hand, simplifies the selection and de-tection protocols significantly and is therefore useful for implementation into high-throughput panning programs and subsequent validation of the selected binding molecules.
High-throughput handling of molecular diversity libraries against multiple antigens simultaneously is very interesting from a proteomics perspective. Not only are comprehensive cDNA libraries used to map cellular protein interactions, directed evolution also allows one to generate almost infinite panels of specific binding molecules against a wide range of protein targets. The most important examples are recombinant antibodies for therapeutic use and for application in antibody arrays to profile protein functions and expression patterns in vivo. 58, 59 Together with recent highthroughput protein expression, purification, and immobilization technologies, [60] [61] [62] [63] RISE could increase the usefulness of phage display as a tool for proteomic studies in the future.
CONCLUSION
The simultaneous rescue and selection of filamentous phages in a coated microwell eliminates the laborious purification of recombinant phages from bacterial cultures. Instead, phage particles that are extruded from the infected E. coli cells during overnight rescue are directly bound to the coated antibody or antigen. Afterwards, the bound phages can be eluted and used for a new selection round or detected by ELISA and recovered for further analysis. Because all steps take place in a single microwell, the entire protocol is directly amenable for automation and opens possibilities for highthroughput screening and selection of phage display libraries.
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